Many studies have addressed the latitudinal gradients in intraspecific genetic diversity of European taxa generated during postglacial range expansion from southern refugia. Although Asia Minor is known to be a centre of diversity for many taxa, relatively few studies have considered its potential role as a Pleistocene refugium or a potential source for more ancient westward range expansion into Europe. Here we address these issues for an oak gallwasp, Andricus quercustozae (Hymenoptera: Cynipidae), whose distribution extends from Morocco along the northern coast of the Mediterranean through Turkey to Iran. We use sequence data for a fragment of the mitochondrial gene cytochrome b and allele frequency data for 12 polymorphic allozyme loci to answer the following questions: (1) which regions represent current centres of genetic diversity for A. quercustozae ? Do eastern populations represent one refuge or several discrete glacial refugia? (2) Can we infer the timescale and sequence of the colonization processes linking current centres of diversity? Our results suggest that A. quercustozae was present in five distinct refugia (Iberia, Italy, the Balkans, southwestern Turkey and northeastern Turkey) with recent genetic exchange between Italy and Hungary. Genetic diversity is greatest in the Turkish refugia, suggesting that European populations are either (a) derived from Asia Minor, or (b) subject to more frequent population bottlenecks. Although Iberian populations show the lowest diversity for putatively selectively neutral markers, they have colonized a new oak host and represent a genetically and biologically discrete entity within the species.
Introduction
Many studies of a wide range of taxa have examined the latitudinal gradients in species richness and intraspecific genetic diversity generated by recent postglacial range expansion from southern refugia (Taberlet et al . 1998; Hewitt 1999 Hewitt , 2000 . Many European species are native to more than one refugial region and refuge-specific genetic polymorphism has been used extensively in identifying putative origins for postglacial colonization of higher latitudes (Taberlet et al . 1998; Hewitt 1999) . In general, however, there has been far less consideration of the pattern and timescale of longitudinal patterns in intraspecific genetic diversity. This is of particular significance, because while latitudinal trends in intraspecific genetic variation typically involve subsets of refugial diversity, in many species longitudinal variation involves transitions between discrete sets of genotypes. Significant populations of many western Palaearctic species are found to the east of Europe, in Turkey, the Caucasus, Iran and the Levant (Cooper et al . 1995; King & Ferris 1998; Hewitt 1999) . Although these more easterly populations are rarely considered, they may not only represent significant centres of genetic diversity, but also the potential origin of populations now occupying Europe. Estimates based on sequence divergence suggest that, in contrast to latitudinal gradients, longitudinal differentiation among refugial populations commonly predates the Pleistocene (reviewed in Taberlet et al . 1998; Hewitt 1999) . The greater age of such longitudinal patterns increases the potential for significant evolutionary divergence between refugial populations. Here we examine the relationship among southern European refugia and illustrate the significance of Turkish populations for intraspecific diversity in an oak feeding insect -the gallwasp Andricus quercustozae .
Oak gallwasps are obligate parasites of their hosts, developing in galls induced on specific plant tissues (Stone et al . 2002) . As such, their distributions are intimately dependent on those of their hosts, and these insects provide an appropriate model for the phylogeography of many invertebrates with similarly specific host associations. Western Palaearctic oaks are members of two sections -the section Cerris (e.g. Q. ilex , Q. cerris , Q. suber ), and the section Quercus sensu stricto (e.g. Q. robur , Q. petraea , Q. pubescens ) (Jalas & Suominen 1987) . Phylogeographical analyses of oaks in both sections suggest that genetic divisions between oak populations in southern European refugia date from at least the beginning of the Pleistocene (Ferris et al . 1993; Ferris et al . 1995; DumolinLapegue et al . 1997; Petit et al . 1997; Toumi & Lumaret 1998) . Far less is known about populations east of the Balkans. This is significant because the ranges of several widespread European oaks (e.g. Q. robur, Q. pubescens, Q. petraea and Q. infectoria ) extend eastwards through Turkey into the mountains of northern Iran, northwards into the Caucasus and south into Syria and Lebanon (Sternlicht 1968; Chodjai 1980; Yaltirik 1982) . High levels of oak species endemism and the identification of numerous endemic subspecies and races suggest that both Turkey and the Caucasus may have provided discrete refugia for oaks during this period (Turrill 1929; Konarov 1936; Zohary 1966; Townsend & Guest 1980; Yaltirik 1982; Castroviejo 1986; Camus 1936 -54) , and the same regions represent both the current centre of diversity and the probable origin of the Western Palaearctic radiations of both host oak sections (Govaerts & Frodin 1998; Manos et al . 1999) .
Most oak gallwasps have a cyclically parthenogenetic lifecycle, involving alternation between one sexual and one parthenogenetic generation each year (Atkinson 2000; Stone et al . 2002) . A. quercustozae is a member of a large clade of Andricus species whose lifecycle also involves host alternation: the sexual generation develops in galls induced on oaks in the section Cerris, and the parthenogenetic generation only galls oaks in the section Quercus sensu stricto (Cook et al . 2002; Stone et al . 2002) . Phylogenetic analysis of host associations in Andricus strongly supports a single evolution of the host-alternating lifecycle well before the start of the Pleistocene (Cook et al . 2002) , and contemporary patterns of species richness suggest that, like their oak hosts, host-alternating gallwasps also diversified in Turkey and the Balkans (Stone et al . 2002) .
At least 10 host-alternating Andricus , including A. quercustozae , have distributions extending from Morocco eastwards to Iran, with populations in all the major oak refugia (Atkinson 2000; Melika et al . 2000; Nieves-Aldrey 2001; Cook et al . 2002) . A significant geographical pattern in oak distributions for these gallwasps is an east-west divide in their sexual generation hosts. In the Iberian peninsula and northwestern Africa, the sexual generation galls develop on cork oak, Quercus suber , while from Italy east to Turkey the dominant host is turkey oak, Q. cerris . The distributions of these two hosts, and of gallwasp populations exploiting them, meet north of the Pyrenees ( Jalas & Suominen 1987; Stone et al . 2001) . In a related gallwasp, A. kollari , populations associated with these two hosts represent genetically discrete ecotypes, and Iberian populations represent a single lineage that diverged from populations associated with Q. cerris well before the Pleistocene . The rarity of host shifts between oak sections is also supported by a genus-wide analysis of Andricus gallwasps (Cook et al . 2002) . If this pattern is general, we expect a similar clear divide between populations of A. quercustozae associated with the two section Cerris oaks.
Here we use a combination of mitochondrial sequence and allozyme allele frequency data for populations of A. quercustozae ranging from Morocco to eastern Turkey to address the following specific questions. Although the adults reared from the two forms do not differ significantly (Melika et al . 2000) , the insects inducing the eastern gall type have sometimes been regarded as a separate species, A. insana (Dalla Torre & Kieffer 1910; Chodjai 1980) . If this difference in gall phenotype is indicative of a genuine split between gallwasp lineages, we expect the two phenotypes to represent monophyletic groups within the A. quercustozae phylogeny. This possibility is examined using mitochondrial sequence data.
Materials and methods

Collection of specimens
Parthenogenetic generation galls of A. quercustozae were collected at sites through the species' range (Table 1 , Fig. 1 ) from Morocco to northeastern Turkey, corresponding to 50.2 degrees of longitude and a transect length of over 4000 km. Parthenogenetic females were reared from their galls under quarantine in Edinburgh, and were frozen from life and stored at − 80 ° C until required.
DNA extraction and sequencing
DNA was extracted using the DNeasy Tissue kit (Qiagen cat. 69504), following the manufacturer's protocol for insect DNA extraction. A 433 base pair (bp) fragment of the mitochondrial cytochrome b gene was amplified and sequenced for 47 individuals using previously described protocols (Stone & Cook 1998 
Phylogenetic analysis of haplotype data
Sequences were aligned manually. Phylogenetic analysis was performed with maximum-likelihood and Bayesian inference algorithms, which allow hypothesis testing in a statistical framework Lewis 2001) and description of important aspects of sequence evolution.
Maximum likelihood . Phylogenetic relationships were estimated by maximum likelihood (ML), using the paup * package, version 4.0b10 (Swofford 2002) . The best-fit ML model of sequence evolution for each data set was identified using likelihood ratio tests as implemented by modeltest , version 3.0 (Posada & Crandall 1998) . Parameters allowed to vary in model-fitting were base composition, substitution rates and rate heterogeneity among sites. Data sets with and without the haplotypes from the two Turkish wasps that gave multiple products, and with and without outgroups, gave very similar best-fit models of sequence evolution (data not shown). For the full A. quercustozae haplotype data set discussed below , the best fit model incorporated unequal base frequencies, one rate for transitions and one rate for transversions (ti/tv ratio = 6.9) as well as among-site variation (proportion of invariable sites = 0.72, shape parameter α of the Γ distribution = 0.84). The parameter values suggested by modeltest were used to search for the ML topology, using a heuristic search with TBR swapping and 100 random-taxon-addition replications. Bootstrap values were generated by a heuristic search with tree bisection and reconnection on 100 pseudoreplicate data sets using the same parameter values.
Bayesian inference. Inference of phylogenetic relationships and calculation of posterior probabilities for the branches 
Allozyme data generation and analysis
Allozyme electrophoresis. A total of 609 individuals were screened at 12 variable allozyme loci using cellulose acetate gel electrophoresis (Zip Zone, Helena Laboratories) and methods described in full in Stone & Sunnucks (1993) and Stone et al. (2001) . Sample sizes for each site are shown in Table 1 . The loci screened were αGPD 1 and 2 (EC 1.1.1.8), GOT-m and -s (EC 2.6.1.1) HK (EC 2.7.1.1), PGM (EC 2.7.5.1), MDHm (EC 1.1.1.37), ME (EC 1.1.1.40), 6PGD (EC 1.1.1.44), AK (EC 2.7.4.3), GPI (EC 5.3.1.9), PEPb (EC 3.4.11). Running buffers for each system, as described in Richardson et al. (1986) , were Tris glycine pH 8.6 for HK and PGM, Tris-EDTA-maleate-MgCl 2 pH 8.3 for 6PGD, GPI, MDHm, ME and GOT and phosphate buffer pH 6.3 for PEPb, αGPD and AK.
Allozyme data analysis. Allele frequencies for all sites and loci are shown in Appendix I. Genotypic data were tested for deviations from Hardy-Weinberg equilibrium (HWE) and linkage equilibrium (LD) using the multisample test in genepop (Raymond & Rousset 1995) . Dunn-Sidak correction with an experiment-wise error rate of 0.01 was used to correct for multiple comparisons. There was no evidence for significant deviation from Hardy-Weinberg equilibrium, or evidence for linkage disequilibrium between loci, in any population, and both equilibria were assumed for the structure analysis below. Two measures of genetic diversity -mean heterozygosity per locus calculated from observed allele frequencies (H E ) and allelic diversity (the average number of alleles per locus) were calculated for each population using genepop (Raymond & Rousset 1995) and genetix (Belkhir et al. 2000) . These indices allow direct comparison with other published studies on gallwasps (Stone & Sunnucks 1993; Stone et al. 2001) .
Analyses of population substructure. Similarities in gene frequencies among populations were analysed using three different clustering methods.
(a) Pairwise F ST . F ST values between sites were calculated using the methods of Weir & Cockerham (1984) . Permutation tests were used to determine whether the values of theta obtained were significantly different from those expected for random allocation of data for two populations into two groups. Dunn-Sidak correction with an experimentwise error rate of 0.01 was used to correct for multiple comparisons.
(b) Population-based pairwise-distance matrix method. Relationships between populations were analysed using three different criteria (neighbour-joining, least squares and maximum likelihood) on two different pairwise distance measures; Nei's genetic distance (Nei 1972) and CavalliSforza's chord measure (Cavalli-Sforza & Edwards 1967) . For neighbour-joining and least squares, and on allele frequency data for maximum likelihood, 100 bootstrap replicates were generated for each method using phylip (Felsenstein 1993) . The topologies returned by the different approaches were extremely similar (data not shown), and for brevity we present the topology produced using the least squares criterion on Cavalli-Sforza's chord distance (Cavalli-Sforza & Edwards 1967) .
(c) Individual-based modelling method. The number of discrete clusters of genotypes in A. quercustozae was determined from the data (i.e. without geographical preconception) using the programme structure (Pritchard et al. 2000) . structure assumes a model in which a specified number of genotype pools are characterized by a set of allele frequencies derived from multilocus genotype data. Individuals are assigned probabilistically to the pools under the assumptions of Hardy-Weinberg and linkage equilibrium (shown above to be appropriate for our data) using Markov Chain Monte Carlo (MCMC) simulation. The simulation is rerun for models specifying different numbers of pools (K) and the posterior probabilities for each simulation are compared to infer the pool number that is best supported by the underlying genotypic data.
We determined simulation run-lengths for K = 1-5 by varying the number of replications between 1 × 10 3 and 1 × 10 6 in the burn-in period and the actual run, and looking for convergence in the estimated parameter values for 3 -10 runs at each K. The simulations were run using only individuals from the putative refuge areas. Having determined the best estimate of K, the simulation was rerun to include individuals from French populations (Tarbes and Bordeaux) to determine their most likely origin. Structure allows fitting of models with or without admixture, the latter allowing genotypes to arise through mating between individuals derived from different populations. The results with and without admixture were indistinguishable (as indicated by the small value of the Dirichlet parameter) and we report only the results without admixture.
Results
Analyses of haplotype sequence data
Sequence variation. PCR amplification and sequencing produced a single sequence in 45 of 47 individuals, and a total of 25 haplotypes (Table 2) . Of the 433 nucleotide sites in these 25 haplotypes, 35 (8.08%) were polymorphic and 24 (5.54%) were parsimony-informative. For two specimens from southwestern Turkey (Gezende and Lysandra), multiple cytochrome b-like sequences were recovered. Six distinct 'haplotypes' of correct length and reading frame (one of which was shared by both individuals) were recovered by sequencing of 10 clones from each of these two specimens. Although sequence divergence among these haplotypes was high both within (uncorrected: 0.5 -4.9%; ML-estimated: 0.5 -8.4%) and between these two individuals (uncorrected: 0.2-5.3%; ML-estimated: 0.2-8.5%), this group of haplotypes were more similar to each other than to any other Turkish sequences (uncorrected: 4.4-7.6%; ML-estimated: 9.2-18.3%). There are two plausible alternative explanations for the existence of multiple cytochrome-b-like sequences in these specimens. First, one of the sequences is the true mitochondrial copy, while the others are nuclear pseudogenes (numts) (Bensasson et al. 2001) . Second, all the sequences are recently derived pseudogenes from a true mitochondrial copy (given that they are not, as yet, mutationally degenerated). Alternative explanations for the existence of multiple mitochondrial-like sequences (including heteroplasmy and intramitochondrial duplications (Mirol et al. 2000; Bensasson et al. 2001) are unlikely for reasons discussed in detail by Mirol et al. (2000) . Although our data do not allow formal discrimination between these two hypotheses, we suggest that (i) the absence of multiple sequences for any other specimens, (ii) the far higher copy number of mitochondrial than nuclear templates and (iii) the rarity of numts without indels and/or stop codons in other studies (e.g. Bensasson et al. 2000; Mirol et al. 2000) including work on gallwasps (Rokas et al. , 2003 Stone et al. 2001 ) make it likely that these sequences are derived from truly distinct regional haplotypes (or alternatively, one of the sequences is the 'true' mitochondrial haplotype). This interpretation is supported by concordance between the phylogenetic patterns seen when these sequences are included, and patterns seen in the allozyme data (see below). Nevertheless, because the possibility that all of the sequences are numts cannot be excluded, we refer to them as pseudohaplotypes (Table 2) . Because the alternative sequences for this pair of individuals are more similar to each other than to those from any other locations, the same phylogeographical inferences result from inclusion of any single sequence from each of them.
A. quercustozae haplotypes show disjunct distributions corresponding to recognized refugial regions (Table 2) : of the 25 haplotypes, six were restricted to the region corresponding to the natural distribution of Q. suber in Iberia, Morocco and southwestern France. Within the native range of Q. cerris, seven haplotypes (7-10 and 12-14) were restricted to Italy, seven to Greece and the Balkans (15 -21) and four (not including the pseudohaplotypes) to . Assumption that one of the pseudohaplotypes is the correct sequence for the two individuals from southwestern Turkey increases the number of haplotypes specific to this region to a minimum of five.
Genetic differentiation among regions in A. quercustozae. ML and Bayesian phylogenetic inference of the haplotype sequence data support the existence of four clades within A. quercustozae ( Fig. 2a) : clade 1 (haplotypes 1-6) contains all the individuals from Iberia and Morocco, while clade 2 (haplotypes 7-23) contains one French individual, all the individuals from Italy, Hungary and Greece and two from Central Turkey. Clade 3 contains pseudohaplotypes 1-6 from southwestern Turkey, while clade 4 (haplotypes 24 -25) contains two individuals from northeastern Turkey. If we accept that one of the pseudohaplotypes is the true mitochondrial copy for each of the specimens in clade 3, then this topology suggests a deep split between southwestern and northeastern Turkish lineages.
In addition to the subdivision shown by these haplotypes, there is regional variation in the sequence diversity they represent, in terms of maximum divergence between any two sequences from a region, and the nucleotide diversity across all sites from a region. The greatest diversity is present in Turkey (uncorrected divergence: 0.2-4.2%; MLestimated: 0.2-6.0%; pseudohaplotypes not included in calculations), with lower divergence and diversity in the Balkans (uncorrected: 0.2-1.4%; ML-estimated: 0.2-1.6%), Italy (uncorrected: 0.2-0.7%; ML-estimated: 0.2-0.8%) and Iberia (uncorrected: 0.2-1.0%; ML-estimated: 0.2-1.1%).
Two further conclusions emerge from Fig. 2a . First, populations able to exploit Q. cerris in their sexual generation are represented by at least two lineages (clades 2 and 3), while populations able to exploit Q. suber in Iberia, Morocco and southwestern France possess haplotypes belonging to a single lineage (clade 1). Second, galls showing the eastern insana gall morphology (represented here by all the Turkish haplotypes) do not form a monophyletic group. Haplotypes 22 and 23 from central Turkey cluster within a large clade of sequences from quercustozae gall morphs in clade 2. The posterior probability from the Bayesian analysis that all the Turkish haplotypes (and so the insana gall morphology) indeed represent a monophyletic group is extremely low (P < 0.0001).
When did lineages in these regions diverge?
If we use the widely applied approximation of 2.3% mitochondrial sequence divergence per million years (Brower 1994) , the pairwise sequence distances between members of the clades in Fig. 2a can be used to provide an approximate estimate of the time since these lineages diverged ( 
Analyses of allozyme allele frequency data
Longitudinal patterns in allele frequencies and genetic diversity.
Allele frequency data for all loci and populations are given in Appendix I. Over the entire sampled range of A. quercustozae the 12 polymorphic enzyme systems had a total of 48 alleles. Of these, 16 were found throughout the distribution of A. quercustozae and probably represent ancestral polymorphism. Of the remaining 32 alleles, 13 were found in only one of the four main regions sampled (Fig. 3) ; one was restricted to the Balkans, two were restricted to Italy and 10 were found only in Turkey. The number of alleles found only in Turkey is striking, and because the numbers of specimens and populations sampled from Turkish sites is similar to or lower than those in Italy and the Balkans, this high richness is unlikely to represent a sampling artefact. The inclusion of Turkish populations is significant because of its impact on the apparent distribution of region-specific alleles in Europe. If the Turkish populations are excluded (as they have been through limited sampling in many previous studies of widespread taxa), the number of alleles private to each of the recognized refugial areas in southern Europe increases (to one in Iberia, five in Italy and two in the Balkans). The east-west decline in the diversity of regionally private alleles is repeated in both measures of genome-wide genetic diversity (Fig. 4 How many refugia are there for A. quercustozae?
(i) Pairwise distance-matrix methods (Fig. 2b) . Pairwise distancematrix methods support the division of A. quercustozae into the same five groups of populations suggested by analysis of haplotype sequences (compare Fig. 2a,b) , with the difference that the allele frequency data gather the Turkish populations into a single group. This analysis supports the southwest-northeast division within Turkey evident in the haplotype data, and also provides additional resolution of population divergence for populations within haplotype clade 2. Here Iberian populations are grouped not with geographically closer populations in Italy, but with Balkan populations.
(ii) Model-based method. The results of applying structure for differing numbers of populations (genotype pools) provide strong support for the division of A. quercustozae into four groups (Table 4 , Fig. 6 ). Examination of the composition of these four groups shows them to correspond to Italy, Hungary, southwestern Turkey and central and northeastern Turkey, in general agreement with those supported by pairwise distance-matrix methods (Table 4 , Fig. 4 ). The addition of a fifth population did not result in a distinct Iberian group, as might be expected, but instead resulted in division of the Italian population into two. The assignment of individuals to populations suggests very limited gene flow between the two Turkish genotype groups, and from Europe to Turkey, with all individuals allocated to their regional groups with probabilities near 1. However, there is evidence of migration of individuals into Europe from Turkey, and between regions within Europe. All but four of the Hungarian individuals were allocated to the Hungarian genotype group, but two (both from Veszprem) were assigned to the Italian genotype group and two (both from Sopron) were assigned to the southwestern Turkey genotype group. The inferred origins of individuals in Italy and Iberia are more mixed. All Italian populations included individuals assigned to the Hungarian genotype group. One individual from Greve (Italy) was assigned to the southwestern Turkish genotype group with a probability of 0.99, while for the other 38 individuals from this site the association probability for this genotype group is zero. Seven individuals from Monte Sant' Angelo (Italy) and seven of eight individuals from Arnissa (Greece) were assigned with probabilities between 0.996 and one to 
Fig. 5
The relationship between pairwise F ST and site separation. The signature of isolation by distance in the data is illustrated by highlighting (with large symbols) comparisons between sites in southwestern Europe (Morocco, Spain, southwestern France) and each other (squares), Italy (crosses), Hungary (diamonds) and Turkey (circles).
Table 4
Conditional and posterior probabilities from structure associated with each pool number (K) from a model without admixture. ln Pr(X|K) is the estimated conditional probability of observing the data under a model with the specified number of pools. Pr(K|X) is the posterior probability (calculated from Bayes' s rule with a uniform prior) of each pool number given the underlying genotypic information In general, regional variation in genetic diversity can be attributed to three processes. Variation could be (i) an artefact associated with limited sampling effort. Alternatively, if the pattern is real, it could be due to either (ii) genetic Fig. 6 Clustering of data from the structure analysis with four discrete pools. Each axis represents the probability of membership of one of the four groups (represented by the four corners of the tetrahedron).
drift, during and subsequent to longitudinal range expansion, in the frequencies of haplotypes and alleles originally present in an ancestral population or (iii) the generation of true refuge-specific polymorphism through the accumulation of mutations in the descendents of founding colonists. In the absence of genetic exchange between refugial areas, these alternatives can be distinguished for sequence data by the phylogenetic relationship among refuge-specific haplotypes. While the first and second explanations involve random loss of ancestral variants (and so have no expectation that haplotypes sampled in the same refugium should be similar in sequence), the third predicts that refuge-specific haplotypes should constitute one or more monophyletic groups (Templeton 1998) . The pattern in A. quercustozae (Fig. 2a) is highly nonrandom, and is consistent with the third hypothesis. The extent of sequence divergence among clades further suggests that lineages in Iberia, Italy and the Balkans and the two Turkish clades diverged before the recent Pleistocene glaciations, and so represent discrete refugial populations.
The pattern and dating of refugial differentiation for A. quercustozae in Europe parallels that seen in many other taxa (Taberlet et al. 1998; Hewitt 1999) , including other oak gallwasps (Stone & Sunnucks 1993; Atkinson 2000; Rokas et al. 2001; Stone et al. 2001) . The extent of divergence between Italy and the Balkans is more pronounced than in other host-alternating gallwasps [A. quercuscalicis (Stone & Sunnucks 1993) ; A. kollari ], although less pronounced than is seen in their oak hosts, for which these two regions represent clearly differentiated refugia (Cooper et al. 1995; Dumolin-Lapegue et al. 1997; Ferris et al. 1998) . The lesser divergence seen in the gallwasps may indicate high levels of gene flow, or genetic divergence that is so recent that refuge-specific haplotypes and alleles have yet to evolve. The ability of gallwasps to disperse rapidly over large distances (Stone & Sunnucks 1993; Sunnucks & Stone 1996; Csóka et al. 1998 ) makes gene flow between these two neighbouring regions highly likely. Two major features of population structure in A. quercustozae -the high genetic diversity of Turkish populations and the genetic divide at the boundary between the oaks Q. suber and Q. cerris-are now discussed in detail.
The significance of Turkey for A. quercustozae
Turkey represents not only a genetically discrete part of the range of A. quercustozae, it also represents the centre of genetic diversity for the species -whether measured in terms of haplotype nucleotide diversity, the number of regionspecific private alleles or allelic diversity and heterozygosity measured over multiple enzyme loci. Turkish sites also share several rare allozyme alleles found otherwise in only one of Iberia, Italy or the Balkans. If we assume that the demonstrated distributions of these shared alleles are real and not sampling artefacts, the distributions could have been generated by three general processes: (a) regional variation in the retention of ancestral polymorphism. Alleles shared by Turkey and any one other refugium then represent ancestral polymorphisms that have been lost from other refugia. (b) Gene flow, such that alleles common to pairs of refugia but absent from the others are the result of long range migration. (c) Homoplasy -independent evolution of allozyme alleles with the same electrophoretic mobility in two different lineages. While gene flow is suggested by individual-based modelling of population structure, and is a plausible explanation for those alleles that are shared by neighbouring pairs of refugia (Fig. 3) , it is less plausible for alleles, such as AK allele 4, which are shared by Turkish and Spanish populations over 5200 km apart and absent from all populations in between. The clear geographical differentiation in haplotypes discussed above also argues against frequent long-range gene flow. The AK4 allele is thus either homoplasious in Iberia and Turkey or (we suggest more probably) represents the retention in both regions of ancestral polymorphism.
The high genetic diversity in ancestral polymorphism present in Turkey could mean either that this region is the source of colonists founding populations further west, or that for some reason (for example, a lower frequency of population bottlenecks) populations there have retained a higher proportion of ancestral genetic diversity originally present in an alternative, unsampled origin. While the second interpretation is possible, there is no evidence for an ancient centre of oak and gallwasp diversity that could have given rise, independently, to populations in all the regions sampled here. Instead, several lines of evidence support the inference that Turkey represents the source for pre-Pleistocene colonization of Europe by A. quercustozae. First, east-west migration is supported by those assignment probabilities for individual gallwasps in Greece, Hungary and Italy that suggest a Turkish origin, and there was no evidence of west-east migration. Second, the longitudinal patterns in genetic diversity match closely those generated during range expansion in many taxa, including plants (Lagercrantz & Ryman 1990; Demesure et al. 1996; Dumolin-Lapegue et al. 1997; King & Ferris 1998 ), insects (Cooper et al. 1995 Armbruster et al. 1998; Wilcock et al. 2001 ) and vertebrates (Sage & Wolff 1986; Merilå et al. 1997) . In particular, similar declines in diversity with distance from a known source have been generated during recent invasions of northern and western Europe by other host-alternating Andricus gallwasps. In these cases, the invaders are known to have colonized Europe from the Balkans over the last 500 years following human introduction of Q. cerris (Stone & Sunnucks 1993; Csóka et al. 1998; Stone et al. 2001 ). In at least three replicate gallwasp examples, heterozygosity and allelic diversity decrease with distance from the invasion origin. Populations further along the invasion route possess only a subset of the alleles seen nearer the invasion origin, and rare alleles are lost nearest the source. The pattern generated is compatible with stepping-stone colonization by small numbers of colonists, involving successive bottlenecking events and little or no long-range gene flow between the outer limits of the invaded range and the invasion source (Stone & Sunnucks 1993; Ibrahim et al. 1996; Luikart et al. 1998 ). If we extrapolate the results of these processes over longer timescales, with repeated genetic isolation of populations in glacial refugia, we expect patterns associated with the original range expansion process to be modified by the appearance of novel, refuge-specific polymorphism over time. The higher mutation rate of mitochondrial haplotypes, and their lower effective population size (1/4) relative to nuclear loci also predicts that refugial differentiation should be more marked in haplotypes than in nuclear allozyme alleles. The patterns seen in A. quercustozae are compatible with these predictions, with Turkey as an ancient invasion source. Iberia possesses only a subset of the ancestral allozyme polymorphism seen in populations further east, and in this hypothesis represents the western limit of the longitudinal expansion process. The colonization of Iberia must have happened long enough ago, however, for Iberia-specific haplotypes to have diverged from those found elsewhere.
Similar refugial differentiation and longitudinal trends in genetic diversity are seen in two other oak gallwasps with known or inferred host-alternating lifecycles: A. kollari and A. caputmedusae (Atkinson 2000) . The congruence in these patterns suggests to us that Asia Minor is not only a centre of intraspecific diversity for these gallwasps, but also the probable centre of origin for host-alternating Andricus species as a group. This conclusion is supported by the structure of the Andricus phylogeny: host-alternating Andricus gallwasps represent a single clade within the genus (Cook et al. 2002) , and while lineages restricted to eastern Europe and Turkey appear throughout the Andricus tree, taxa restricted to Iberia represent only terminal branch tips within widespread species groups (Cook et al. 2002) . This implies either that Iberia-specific taxa are derived from eastern lineages or (we suggest less parsimoniously) that many Iberian representatives of more deeply branching lineages have become extinct. Species richness within the host-alternating clade is also highest in the east (Melika et al. 2000; Nieves-Aldrey 2001) . Taken together, these phylogenetic and population genetic patterns suggest to us that species now widespread in Europe diverged in Asia Minor during the radiation of the group, and expanded their distributions westwards prior to the Pleistocene glaciations. This hypothesis is compatible with phylogenetic evidence suggesting Asia Minor as the centre of radiation and diversity for Western Palaearctic lineages of both of the oak taxa required by host-alternating gallwasps (Govaerts & Frodin 1998; Manos et al. 1999) . It also leads to the strong prediction that all the other widespread host-alternating oak gallwasps should show the same pattern seen in A. quercustozae.
Turkey, the Caucasus and Iran are known to be important centres of diversity for a range of taxa, including black alder Alnus glutinosa (King & Ferris 1998) , the grasshopper Chorthippus parallelus (Cooper et al. 1995) , the honeybee Apis mellifera (Franck et al. 2001 ) and the domestic mouse Mus musculus (Boursot et al. 1993) . Nevertheless, little is known about the genetic diversity present in the easternmost distributions of many well-studied species. While this lack of data may reflect the dominant role of latitudinal patterns in the genetic diversity of many European taxa, such a bias may result in underestimation of the role of more easterly refugia in European biodiversity. Finally, Turkish populations of A. quercustozae are significant in the interpretation of the European distribution of genetic variation. Region-specific alleles have been used in estimation of gene flow (Slatkin 1987) and in the identification of genetically discrete taxa (e.g. Berlocher 2000). Inclusion of Turkish populations shows several rare alleles to represent ancestral polymorphism, rather than region-specific variants, and may represent a cautionary tale in the utility of this type of genetic data for other similarly widespread taxa.
Haplotype and allele frequency data both support the existence of two lineages of A. quercustozae in Turkey. Turkey represents the meeting point of three phytogeographical regions; the Irano-Turanian, the Euro-Siberian and the Mediterranean, each with a distinct climate and flora (Yaltirik 1982) . The Irano-Turanian centre of endemism includes the majority of the interior of Turkey, extending from the western margin of the Anatolian Plateau eastwards into Iran. This Irano-Turanian region is in turn bisected by the Anatolian diagonal, a line of mountains running from the Anti-Taurus on the Mediterranean coast northeast to the Black Sea coast near Trabzon. The Anatolian divide represents an important floristic divide between a predominantly eastern Asiatic flora and a more western European flora, a divide that is also visible in the distribution of oak species in both of the oak sections required by host-alternating Andricus (Yaltirik 1982) . The two clusters of Turkish A. quercustozae genotypes represent one from each side of the Anatolian diagonal. It is tempting to suggest that the divide between these lineages may represent a major division between two refuge populations of Andricus quercustozae. East of the divide, Q. cerris is replaced by Q. libani and Q. persica, and it is probable that the host-shift between Q. suber and Q. cerris discussed below is only one of several that have occurred during longitudinal range expansion in hostalternating gallwasps.
Host shifts between Q. cerris and Q. suber Data for A. quercustozae show that populations in Iberia and Morocco contain only a subset of allozyme alleles found further east, show lower genetic diversity than populations further east, but represent an entirely distinct set of mitochondrial haplotypes representing a single clade. Allozyme data clusters Iberian and Moroccan populations in general with Hungary, although some individuals show affinity to Italian populations. As discussed above, these results support the conclusion that Iberia was colonized from the east, and thus that Q. suber represents the derived host and Q. cerris the ancestral host for this species. Similar patterns, although less highly resolved, have been shown for A. kollari ) and the hypothesis developed above predicts similar patterns in the other widespread host-alternating Andricus species. In both A. kollari and A. quercustozae, Iberian populations belong to a single lineage emerging from a basal polytomy in the species' haplotype tree. This can be interpreted in two ways. Taken at face value, the pattern implies that the host shift to Q. suber occurred at about the same time as the occupation of other parts of southern Europe prior to the Pleistocene, and involved a single lineage. This interpretation is compatible with the rarity of host shifts in gallwasps (Abe 1988 (Abe , 1991 Cook et al. 2002) , the population bottlenecks seen during host-shifts in other plant-feeding insects (Brown et al. 1996; Groman & Pellmyr 2000) and limited gene flow between host-adapted ecotypes (Via 1999; Berlocher 2000; Nice & Shapiro 2001; Dres & Mallet 2002 ). An alternative interpretation is that many lineages in A. quercustozae and A. kollari may have made the shift to Q. suber, but higher extinction rates in Iberian lineages have resulted in the pattern we now see. The possibility of higher rates of extinction in Iberian lineages is supported by the fact that in both A. quercustozae and A. kollari, there is lower nucleotide diversity in Iberia than in any other region sampled, suggesting a more recent common ancestor of extant haplotypes in Iberia. Combined with the basal divergence of the Iberian lineage within the species haplotype trees, this implies ancient divergence but recent bottlenecks in the Iberian populations of both gallwasp species. Because A. kollari and A. quercustozae are similar in many aspects of their biology, either hypothesis could explain the congruence of patterns across these two species. More extensive sampling of haplotype sequence variation in Iberia is necessary to discriminate between these two alternatives.
Phenotypic diversity in A. quercustozae
The two gall phenotypes induced by A. quercustozae are separated geographically into an eastern form (the bright red, resinous insana form found in Turkey and Iran, the Levant and in Europe in southern parts of the Balkans and Greece) and a western form (the nonsticky quercustozae form) (Dalla Torre & Kieffer 1910; Chodjai 1980) . There is abundant evidence that gallwasp genes control the major aspects of gall phenotype (Stone & Cook 1998; Stone et al. 2002) , and it is thus possible that these two forms are induced by discrete monophyletic lineages within A. quercustozae. However, our limited mitochondrial sequence data do not support this hypothesis. It remains possible that this hypothesis is in fact true, and that the cytochrome b tree does not reflect accurately the phylogeny of genes involved directly in gall phenotypes. An alternative is that the differences in gall morphology result from the impact of host oak genes on gall phenotype (Stone & Schönrogge 2003) and reflect geographical variation in the asexual generation oak host. Loss of the insana gall form coincides with the western limit of Quercus infectoria, the most widespread (and inferred ancestral) host of Andricus quercustozae in Asia Minor and Iran, and it is possible that range expansion involved colonization of hosts in which generation of the insana phenotype is impossible. This is significant because the sticky outer surface of the insana form is of potential adaptive significance as a defence against natural enemies of the gall wasp (Stone & Cook 1998; Stone et al. 2002) , and is a trait whose persistence through natural selection is thus predicted.
Conclusions
The Quaternary ice ages had a profound impact on the genetic structure of the European fauna and flora. Accumulating evidence from studies of European oak gallwasps (Stone & Sunnucks 1993; Atkinson 2000; this study; Rokas et al. 2001; Stone et al. 2001) and their oak hosts (Ferris et al. 1993; Dumolin-Lapegue et al. 1997; Ferris et al. 1998; Toumi & Lumaret 1998) highlights the genetic distinctness of southern European refugia, and the role of Asia Minor both as a centre of contemporary diversity and the probable origin of European lineages.
Analysis of patterns of intraspecific genetic diversity can be a useful tool in the identification of populations or regions of high conservation importance. This approach is most appropriate for gradients in genetic diversity resulting from very recent demographic processes in which the impacts on neutral and selectively important variation are most likely to be similar. Applicability of the approach to gradients associated with longer timescales may miss important phenotypic differences (such as host-associated ecotypes) that are not apparent in selectively neutral (or nearly neutral) markers. Generation of more extensive data sets for a range of species using a suite of available molecular markers and techniques is now necessary for better description of the processes in action. In the oak gallwasp system, knowledge of species-specific ecological constraints, such as availability of hosts for different stages of the lifecycle, can be used in generating testable null hypotheses ; this study) and in understanding how different species react to common environmental changes.
This project is part of a long-term research programme being carried out in Graham Stone's laboratory on the population biology, phylogeography and phylogeny of gallwasps. Antonis Rokas' main interest is the application of 'tree-thinking' to a variety of evolutionary ecological questions relating to gallwasps at various taxonomic levels. Rachel Atkinson is interested in the application of molecular population genetics to address ecological questions ranging from the oviposition behaviour of a given gallwasp species to its postglacial recolonization route into northern Europe. Lucy Webster is currently working on the effects of gene flow on local adaptation in a natural host-parasite system.
Appendix I
Locations, allozyme sample sizes and allele frequencies for all Andricus quercustozae 
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